The Notch signaling pathway plays an important role in the determination of cell fate (Schweisguth, 2004) , and influences cell proliferation, differentiation, and apoptosis in a variety of cell types (Miele and Osborne, 1999) . Initial studies with Notch signaling components suggested its involvement in neurogenesis (Beatus and Lendahl, 1998) , but subsequent work showed its involvement in most organs (Iso et al., 2003) . Binding of specific ligand to Notch receptors triggers cleavage of the transmembrane receptor, giving rise to the Notch intracellular domain, which translocates to the nuclear compartment, interacts with transcription factor RBPJk, and activates transcription of Notch target genes such as HES (Hairy enhancer of Split) (Iso et al., 2003) . In the absence of Notch intracellular interaction, RBPJk acts as a corepressor of Notch target genes by recruiting corepressors, including SMRT/NCOR and HDACs (Kao et al., 1998; Hsieh et al., 1999; Zhou and Hayward, 2001) . Recent studies have identified SHARP as novel component of the Notch-RBP-Jk signaling pathway and implicated SHARP in repressing Notch target genes in the absence of activated Notch (Oswald et al., 2002) . The molecular mechanisms by which Notch promotes RBP-Jk activation and the pathways that enhance RBP-Jk repression are not clear at the moment and are an area of active investigation.
The p21-activated kinase 1 (Pak1), an evolutionarily conserved family of serine/threonine kinase, was initially identified as effectors of the Rho family of GTPases (Bokoch, 2003; Vadlamudi and Kumar, 2003) . Pak1 was initially identified in the rat brain as a serine/threonine kinase activated by Rac1 or Cdc42 (Manser et al., 1994) . Pak1 has been shown to play an important role in a wide variety of functions, including cytoskeletal reorganization and cell survival . Evidence also exists that Pak1 has an essential role in the dendrite formation and neurite outgrowth (Daniels et al., 1998; Hayashi et al., 2002) . Emerging data indicate that Pak1 phosphorylates histone H3 (Li et al., 2002) , undergoes phosphorylation during mitosis (Thiel et al., 2002) , and localizes to the nuclear compartment suggesting that Pak1 also plays an important role in nuclear signaling. In the present study, we used yeast two-hybrid screening of a mammary gland cDNA library to identify SHARP, one of the Notch signaling components, as a Pak1-interacting protein.
To confirm this SHARP and Pak1 interaction, we cotransfected purified SHARP and Pak1 cDNAs into a yeast strain that stably expresses nutrient reporter genes. Yeast transformed with both Pak1 and SHARP but not with either one alone showed the ability to grow on medium that selects for one-on-one proteinprotein interactions (Figure 1a ), confirming our initial yeast two-hybrid screen results. To show the in vivo interaction of Pak1 and SHARP, we cotransfected a T7-tagged C-terminal SHARP fragment and myctagged Pak1 into 293 cells. Immunoprecipitation of T7-tagged SHARP revealed the presence of Pak1 in the precipitates (Figure 1b, left panel) . Similarly, immunoprecipitation of myc-Pak1 with an mycepitope antibody also co-immunoprecipitated SHARP (Figure 1b , right panel), demonstrating protein-protein interaction between Pak1 and SHARP in vivo. Moreover, GST-Pak1 efficiently interacted with SHARP in the GST pull-down assays (Figure 1c ). Using serial deletions of Pak1, we next identified the segment of Pak1 comprising amino acids (aa) 75-132 as the SHARP binding site (Figure 1c) . Collectively, these results provide evidence that Pak1 interacts with SHARP both in vitro and in vivo.
Since Pak1 is a serine/threonine kinase, we next examined whether SHARP is a substrate of Pak1. An in vitro kinase assay using purified GST-SHARP and Pak1 enzyme showed that Pak1 could phosphorylate SHARP (Figure 2a) . Further, SHARP deletion analysis determined that Pak1 phosphorylation sites were localized in the C-terminus of SHARP (aa 3471-3661, Figure 2b ). This region of SHARP contains two potential Pak1 consensus sites, serine 3486 and threonine 3568. Singlepoint mutation of either serine 3486 or threonine 3568 to alanine partially reduced Pak1 phosphorylation of SHARP ( Figure 2c , lanes 2 and 3, respectively). Double mutation of both serine and threonine to alanine completely abolished SHARP phosphorylation in vitro (Figure 2c Recent studies showed that SHARP is a novel component of the Notch/RBO-Jk signaling pathway. Since Pak1 is abundantly expressed in the neuronal system (Manser et al., 1994) , we examined whether Pak1 could modulate Notch/RBP-Jk signaling via its interactions with SHARP. To test this possibility, we used a previously described and widely used transient cotransfection assay utilizing an RBP-Jk-responsive luciferase reporter gene, which contains six repeats of EBNA2-responsive element (pGa981/6-luc) and RBP fused VP16 (RBP-VP16) to enable readout of RBP recruitment to the target promoters in 293 model cells (Oswald et al., 2002) . Cotransfection of RBP-VP16 activated the reporter gene and SHARP repressed the activity of the reporter gene, confirming the earlier reported finding that SHARP represses Notch target genes (Oswald et al., 2002) . Interestingly, cotransfection of Pak1 along with SHARP further enhanced the SHARP-mediated repression, suggesting that Pak1 phosphorylation of SHARP may promote its repression functions ( Figure 3a) . To examine the possibility that Pak1 phosphorylation sites play an important role in SHARP functions, we mutated both Pak1 phosphorylation sites To further examine the role of the Pak1-SHARP interactions in Notch signaling, we used a dominant active form of Notch (constitutively activated Notch plasmid that lacks extracellular domain, Notch-1 del E). HEK 293 cells were transiently transfected with wildtype SHARP or SHARP-S3486A, T3568A, along with the RBP-Jk reporter gene. As expected, Notch-l del E activated the RBP-Jk reporter gene, while coexpression of wild-type SHARP inhibited the reporter gene activity (Figure 4a) . However, cotransfection of the SHARP Figure 2 SHARP is a substrate of Pak1. (a) In vitro Pak1 kinase reaction was performed using purified Pak1 enzyme and GST or GST SHARP (aa 3281-3661) as a substrate as described elsewhere (Li et al., 2002) . Phosphorylation of SHARP was analysed by SDS-PAGE followed by autoradiography. (Figure 4a) . Similarly, cotransfection of Pak1-specific siRNA vector , which reduces Pak1 endogenous levels or Pak1-autoinhibitory fragment (aa 83-149), also interfered with SHARP repression of Notch-mediated transactivation of the reporter gene (Figure 4b ). Together, these findings suggest that Pak1 phosphorylation of SHARP is important for a productive repression of Notch target genes by SHARP.
To further implicate the potential contribution of Pak1 regulation of SHARP in exerting transcriptional repressor activity of SHARP, we next examined the effects of these regulatory interaction upon the transactivation function of Notch on Hes-1, an accepted physiological target of Notch (Ohtsuka et al., 1999) . In this context, NIH3T3 murine fibroblast cells were transfected with HES-1 promoter reporter, Notch-l del E and either SHARP alone or combined with wild-type Pak1 or Pak1-autoinhibitory domain expressing plasmids, and reporter activity was measured after 48 h ( Figure 4c ). As expected from the previous work, Notch del E activated the Hes-1 promoter-luc activity, while SHARP coexpression resulted in a distinct reduction by 50% (Figure 4c ). Interestingly, we also observed a further significant repression of Hes-1 promoter-luc activity when cells were cotransfected with Pak1, whereas Pak1 inhibitor relieved the repression.
To validate the noted repression of Hes-1 promoter activity by coexpression of SHARP and Pak1, we next depleted the endogenous Pak1 using a Pak1-specific siRNA in NIH3T3 cells, and examine the status of Hes-1 mRNA by RT-PCR analysis. We found that a reduced expression of Pak1 leads to a significant and reproducible upregulation of Hes-1 mRNA as compared to the cells transfected with the control siRNA (Figure 4d ). Together, these findings suggest that Pak1 signaling indeed regulates the levels of Notch targets in vivo.
Phosphorylation-dependent signaling has been proposed as a potential mechanism for regulation of deacetylase-catalysed transcriptional repression (Galasinski et al., 2002) . Serine phosphorylation of SMART by CK2 or by protein kinase C (PKC) (Ishaq et al., 2003) has been shown to enhance the repression function of SMRT. Likewise, Pak1 phosphorylates corepressor CtBP and modulates its corepressor functions (Barnes et al., 2003) . The results from the present study suggest that Pak1 interacts with and phosphorylates SHARP in its C-terminal repression domain, which has been previously shown to interacts with SMART (Shi et al., 2001) . Cotransfection of Pak1 also promoted the repression activity of SHARP, while downregulation of Pak1 function or mutation of Pak1 phosphorylation sites in SHARP interfered with SHARP repression. Since SHARP is a SMRT/ HDAC1-associated repressor protein (Shi et al., 2001) , Pak1 phosphorylation of SHARP may promote its repressor functions in a way similar to PKC phosphorylation of SMART by enhancing its interactions with SMART. Alternatively, it is also possible that SHARPPak1 interaction may allow Pak1 recruitment to the corepressor complex, where Pak1 may phosphorylate other components of the complex.
SHARP was initially identified as a SMART/HDACassociated protein and was implicated in nuclear receptor signaling as corepressor (Shi et al., 2001) . Subsequent studies showed that SHARP is an essential component of Notch signaling and plays a role in rescuing from Notch-dependent inhibition of primary neurogenesis (Oswald et al., 2002) . In this context, Pak1 activation promotes neuronal dendrite initiation (Hayashi et al., 2002) . Our finding that Pak1 phosphorylates SHARP and enhances its repressor functions suggests that Pak1-mediated phosphorylation of SHARP may constitute an important mechanism by which Pak1 may promote dendrite formation. Our findings also raise a possibility that deactivation of the Pak1 pathway may be necessary for Notch-mediated productive neuronal differentiation. It is therefore possible that Notch activation somehow downregulates Pak1 activity as a feedback mechanism. CDK5/p35 kinase is widely expressed in neuronal cells and is shown to phosphorylate Pak1 and downregulate Pak1 activity in neuronal cells (Nikolic et al., 1998) . Notch-mediated activation of CDK5/p35 kinase either directly or indirectly via activation of Abl kinase (Giniger, 1998) may constitute one possible mechanism by which Notch relieves Pak1-SHARP-mediated repression. In summary, we discovered and report here that SHARP is a Pak1-interacting protein and is a physiologic substrate of Pak1. These findings suggest that both Pak1 and SHARP may be critical molecules for repression of Notch target genes such as HES-1, and that Pak1 phosphorylation of SHARP might be essential for the productive repression function of SHARP. 
